We have examined the extracellular pH (pH e) during spreading depression and complete cerebral isch emia in rat parietal cortex utilizing double-barrelled H + liquid ion exchanger microelectrodes. The baseline pHe of the parietal cortex was 7.33 at a mean arterial Peoz of 38 mm Hg. Following spreading depression and cerebral ischemia, highly reproducible triphasic changes in pHe occurred, which were intimately related to the negative deflection in tissue potential (Ye). The changes in pHe for spreading depression (n = 23) were a small initial acidic shift, beginning before the rapid change in Ye, followed by a rapid transient alkaline shift of 0.16 pH units, the onset of which coincided with the negative deflection in Ye• A prolonged acidic shift of 0.42 pH units then oc curred. The maximal decrease in pHe was to 6.97 and the mean duration of the triphasic pHe change was 7.8 min. The lactate concentration in brain cortex increased from The adaptive response by the brain microenvi ronment to altered extracellular pH (pHe) remains poorly understood, partially due to the difficulty in directly measuring the interstitial hydrogen ion con centration. Now, however, high-fidelity recordings of pH changes in mammalian brain interstitium can be obtained with double-barrelled H+ liquid ion ex changer (LIX) microelectrodes (Ammann et aI., 1981; Kraig et aI., 1983). The use of similar LIX microelectrodes has greatly facilitated study of Dr. Mutch's present address is
baseline 1.2 mM to 7.0 mM (n = 6) during the maximal acidic change in spreading depression. In addition, lactate levels correlated well with resolution of the pHe changes during spreading depression. The triphasic pHe changes following complete cerebral ischemia were an initial acidic shift of 0.43 pH units which developed over 2 min, then an alkaline shift of 0.10 pH units coincident with the negative deflection in Ye, and a final acidic shift of 0.26 pH units. The terminal pHe was 6.75. Superfusion of the cortex with inhibitors of carbonic anhydrase (acetazol amide), Na+/H+ counter transport (amiloride), and Cl-/ HC03' countertransport (4,4' -diisothiocyanostilbene-2,2' disulfonic acid) altered the triphasic pHe changes in a similar fashion for both spreading depression and cerebral ischemia, providing insights into the pHe regulatory mechanisms in mammalian brain. Key Words: Acid-base regulation-Cerebral ischemia-Spreading depression.
brain extracellular ionic composition following spreading depression and cerebral ischemia (Kraig and Nicholson, 1978; Hansen and Zeuthen, 1981) . In this study, we have employed H+ -LIX micro electrodes to measure the pHe during spreading depression and complete cerebral ischemia. In ad dition, the cortical surface was superfused with in hibitors of carbonic anhydrase, Na+ /H+ , and CI-/ HCO"3 countertransport to assess how inhibition of each of these pH-regulating mechanisms would af fect the pH changes seen with spreading depression and cerebral ischemia. We have also examined the relationship between the acidic shift seen during spreading depression and increased brain lactate concentration, since the marked acidic changes after cerebral ischemia are due, in part, to increased lactate levels (Siesjo, 1978) . The reproducible na ture of the shifts in pH e with spreading depression and cerebral ischemia, and the alterations in these pH e changes following application of inhibitors pro-H+ ION EXCHANGER BARREL WARMED 5 % CO 2 IN 95 % 0 2 ==�� vided insights into some of the pHe regulatory mechanisms operative in mammalian brain.
METHODS

Animal preparations
The basic experimental setup is shown in Fig. 1 . Male Wi star rats weighing 350-400 g were initially anesthe tized with ether followed by 50 mg kg-I thiopentone; sup plemental thiopentone doses of 15 mg kg -I were admin istered hourly. The rats were intubated with a steel can nula. immobilized with 5 mg suxamethonium, and ventilated with oxygen-enriched air to maintain the Pa0 2 at 100 mm Hg and the Paco 2 between 35 and 45 mm Hg. Polyethylene cannulae were inserted in the tail artery and right femoral vein for the recording of arterial blood pres sure and infusion, respectively. Rectal temperature was controlled at 37°C by a servo-controlled heating lamp. Craniotomy was performed in the right parietal bone and the dura was removed to permit entry of the pH electrode into the cortex. A burr hole in the right frontal bone al lowed the elicitation of spreading depression by a needle stab. A plastic cup was placed about the craniotomy site to superfuse the cortex with mock CSF. The superfusate was constantly bubbled with a gas mixture containing 5% CO/95% O 2 warmed to 37°C. The microelectrodes were lowered by a motor-driven micromanipulator into the pa rietal cortex to a depth of 500 fLm. After stabilization and measurement of the arterial blood gases and pH by means of a Radiometer acid base cart (model ABC I), calibrated before each measurement, a spreading depression was elicited as described above. During control conditions, the cortical superfusate (mock CSF) contained (in mM): Na+, 150.5; K+, 3.5; Ca 2 +, 1.3; Mg 2 +, 1.1; Cl-, 133.3; HC03, 25.0; HzP04", 0.5; urea, 2.2. In other situations, the superfusate also contained inhibitors of H + ion trans port and enzymatic activity. 4,4'-Diisothiocyanostilbene-2,2'-disulfonic acid (DIDS) (MW 452) at a concentration of 1 mM was added to inhibit CI-IHC03 countertrans port, 2 mM amiloride (MW 230) was added to inhibit N a + I H+ exchange, 5 mM acetazolamide (MW 222) to inhibit the activity of carbonic anhydrase, and 7.5 mM Mn 2 + to block the Ca z + channels. In the latter case, the mock CSF was devoid of Ca 2 + and HzP04", and the concentration of Na+ was reduced to 145 mM. The experiments were terminated by i.v. injection of 1 ml saturated KCl to arrest the heart so that pHe changes during complete cerebral ischemia could be followed. The results are presented as mean values ± SD unless otherwise indicated. Statistical analysis of intragroup and intergroup comparisons was by Student's t test for paired and unpaired data, respectively. A p value of <0.05 was considered statistically significant.
Microelectrodes
All pH microelectrodes used in this study were double barrelled, with tip diameters between 1 and 3 fLm. One barrel contained the H+ -LIX (Ammann et aI., 1981) back filled with phosphate buffer solutions of pH 6.5-7.0, and the other barrel (the reference barrel) contained 150 mM KCI. Construction techniques have previously been de scribed (Hansen, 1977) . Electrodes were connected to high-impedance electrometers (Analog Devices, model 311 K) via Agi AgCl leads. The potential derived from H + activity (E H + ) and the direct current potential (V e) versus a common ground placed on a scalp muscle were re corded on a pen writer. Microelectrodes were calibrated in phosphate buffers at 37°C adjusted to pH 6-8. The pH of the phosphate buffers was checked daily with a stan dard pH meter (Radiometer). The selectivity of the ex changer for H+ over other cations (Ammann et aI., 1981) ensures reliable pH measurements during spreading depression and cerebral ischemia. Changing [K +] from 3 to 70 mM in the buffer solutions had no untoward influ ence on the pH recorded by the H+ -LIX microelectrode versus a standard pH glass electrode. The pH response, likewise, was not influenced by COz tensions, as judged by the simultaneous measurement of pH with the LIX microelectrode and a glass pH electrode during CO 2 bub bling of a bicarbonate solution. The slope relating the potential change to the pH change was 65.2 ± 3.0 mVI pH unit (n = 51). The reason for this super-Nernstian response remains unknown. The response time for a change in pH was below I s. Results were considered invalid if the E H + deviated by more than 3 m V when comparing pre-and postexperimental calibrations. Usu ally, the pH microelectrode was stable for hours.
An LIX microelectrode that sensed 4,4'-dinitrostil bene-2,2'-disulfonic acid (DNDS) (MW 428) was used to measure the concentration gradient developed in brain interstitium by a 1 mM DNDS solution superfusing the parietal cortex for 1 h. The microelectrode was of a con struction identical to that of the pH microelectrode, but gentian violet was used as the ion exchanger [see Phillips and Nicholson (1979) for a description of such anion sensing microelectrodes]. 
Lactate measurements
The rats were prepared as described above, with the exception that both parietal cortices were exposed. A pH microelectrode was inserted into one cortex and spreading depression was elicited. At various times after the spreading depression wave front had passed beneath the electrode, the brain was freeze-clamped by pouring liquid nitrogen into the plastic cup on the skull. Brain cortical samples weighing 5-10 mg were dissected from the experimental and the control hemispheres in a glove box at -20°C, weighed, and extracted in cold 3 M per chloric acid. The supernatant was neutralized with KOH. Lactate levels were determined by a standard en zymatic assay (Folbergrova et at., 1972) .
RESULTS
Baseline cortical pHe
The steady-state baseline pHe of parietal cortex was 7.33 at a Paco2 of 38 mm Hg (n = 23). The PaoZ was above 100 mm Hg in all cases. The ven tilator settings were changed to adjust P aCoZ to about 40 mm Hg before inducing spreading depres sion. When cortical pHe reached a steady state, usually within 2 min, an arterial blood sample was obtained to ensure a PaCOZ of 35-45 mm Hg.
pHe changes during spreading depression
The pHe changes during spreading depression were very reproducible. If spreading depressions were induced in the same rat 15-60 min apart at constant Paco2, the pHe changes were virtually identical.
A typical tracing of the pHe changes during spreading depression and the well-known variation in Ve is shown in Fig. 2 . The baseline pHe was 7.35 in this instance. The spreading depression was elic ited in the frontal cortex approximately 6-8 mm distant from the microelectrode. The negative change in Ve heralds the arrival of the spreading depression wave front. The rapid change in Ve is preceded by a small initial acidic shift of 0.10 pH units. A rapid transient alkaline shift of 0.13 pH units then occurs coincidentally with the large voltage change in Ve ' The alkaline shift was mea sured from the apex of the initial acidic shift. The alkaline shift was then immediately followed by an acidic shift of 0.48 pH units, which increased the pHe to 6.95. The magnitude of the acidic shift was measured from the apex of the alkaline shift. After the maximal acidic change, the pHe began to re turn to baseline values. The recovery was initially rapid and coincident with the return of Ve to its baseline. However, a much slower return of pHe to baseline then followed, so that the total duration of the acidic shift was approximately 8 min in this ex ample. The pHe changes occurring for the 23 spreading depressions elicited are listed in Ta ble 1.
Application of inhibitors
Super fusion of the cortex with DIDS. Five ex periments were conducted to assess the impact of DIDS (dissolved in mock CSF and superfusing the parietal cortex) on the pHe changes in spreading depression. The results of the spreading depression before and after the application of 1 mM DIDS are shown in Ta ble 2. The pHe changes following spreading depression are more accentuated after DIDS superfusion. The alkaline and the prolonged acidic shifts are significantly increased, and no re covery of pHe to baseline is observed after 15 min. A typical example of the pHe changes during spreading depression before and after the applica tion of DIDS is seen in Fig. 3 (top). The arterial Pcoz was controlled closely, due to the known in fluence of DIDS on COz transport by red blood cells (Wieth et aI., 1982) .
Following superfusion of the cortex with a 1 mM solution of DNDS (a stilbene derivative like DIDS), the concentration gradient in parietal cortex was measured with a DNDS-LIX microelectrode. A negative logarithmic decline in concentration was seen with increasing depth in cortex. The concen tration of DNDS 500 /-Lm below the surface was 10% of the superfusate concentration following 1 h of exposure.
p H e changes following amiloride. In five experi ments, the pHe changes during spreading depres sion were assessed when the brain was treated with 2 mM amiloride. The results of the pHe changes before and after amiloride application are shown in Values are means ± SD; n = 5; NS, not significant .
Ta ble 3. Following amiloride application, there was no change in baseline cortical pHe. Amiloride re sulted in a significant attenuation of the final acidic shift and decreased its duration. Amiloride slightly increased the magnitude of the alkaline shift. A typ ical example of the pHe changes during spreading depression pre-and post-application of amiloride is shown in Fig. 3 pHe changes following acetazolamide. In four ex periments, the effects of acetazolamide were as sessed. The baseline pHe increased after the appli cation of acetazolamide when compared to the con trol baseline pHe (Table 4 ). The pHe changes during spreading depression in the control and after acet azolamide application can be seen in Fig. 3 (bottom). The initial acidic shift is enhanced and has an earlier onset (Fig. 4) . The alkaline shift is also of larger magnitude. The subsequent acidic shift is of a magnitude similar to that of the acidic shift in the control situation. The total duration of the tri phasic pHe shift is unchanged.
pHe changes following Mn2 + . The cortex was su perfused with mock CSF containing 7.5 mM Mn 2 + to assess the importance of voltage-dependent Ca 2 + channels on the pHe changes during spreading depression since it has previously been stated that the alkaline shift in spreading depression and isch emia was abolished by Mn 2 + (Kraig et al., 1983) . Following application of Mn 2 + , we found no influ ence on the pHe change in spreading depression.
Lactate measurements during SD
The changes in lactate concentration in the con trol and spreading depression hemispheres are shown in Fig. 5 . It can be seen that there is a sig nificant increase in the lactate levels during spreading depression and the changes in lactate concentration inversely mimic the changes in pHe.
pHe changes during complete cerebral ischemia Figure 6 shows a typical trace of pRe and Ve fol lowing injection of KCl to arrest the circulation to induce complete cerebral ischemia. It can be seen that pHe begins to decrease very rapidly (within 15 s) after circulatory arrest. The initial pHe decrease is 0.5 pH units. An alkaline shift of 0.13 pH units coincides with anoxic depolarization (Ve). An acidic shift similar to that occurring in spreading depres sion follows, but the acidic shift persists. The final pHe is 6.72 in this example. Ta ble 5 documents the pRe changes observed, following complete cerebral ischemia in seven rats. Application of inhibitors. The same inhibitors used in the spreading depression experiments were used to assess how the pRe changes following com plete cerebral ischemia could be altered. The effects of DIDS, amiloride, and acetazolamide on the pRe changes following cerebral ischemia can be seen in Ta ble 5. The inhibitors had very similar impacts on the various aspects of the triphasic pRe changes during cerebral ischemia, as occurred during the similar phase of pRe shift in spreading depression. For example, after DIDS application, the alkaline shift was much enhanced, and the terminal pRe was slightly lower. Amiloride application resulted in a slightly more enhanced alkaline shift and an attenuated final acidic shift. The effects following the application of acetazolamide again show the similarity between spreading depression and cere bral ischemia. The initial acidic shift in cerebral ischemia is enhanced, and the alkaline shift is of greater magnitude. Application of Mn 2 + had no im pact on the ischemic pRe changes.
DISCUSSION
We have observed marked changes in pRe oc curring in rat cerebal cortex during spreading depression and ischemia. Kraig et al. (1983) have reported similar findings in rat cerebellar cortex, also using the R+ -LIX microelectrode technique.
The baseline value of pRe was 7.33 at a PaCOZ of 38 mm Rg (n = 23). This value is lower than the reported CSF pR of 7.40 in rat at a similar P aCoZ value (Siesj6 et aI., 1972), and indicates either a higher Pcoz or a lower [RC03J in interstitial fluid. U sing the data of Mitchell et al. (1965) , in CSF the "] e would be 22.7 mM at a pHe of 7.33. The actual relationship of tissue CO2 tension to arterial and venous CO2 tension remains controversial. It is generally accepted that P eco2 equals P CSFC02 in steady state. A large body of work suggests that Peco2 is slightly higher than the mean of Paco2 and PyC02 (Siesjo, 1972) . Use of the Krogh tissue cyl inder model to assess tissue CO2 gradients agrees with such experimental findings (Ponten and Siesjo, 1966) . However, other workers suggest that Peco2 more closely approximates venous CO2 tensions [see discussion in Katzman and Pappius, (1973) ].
A computer model suggesting that tissue CO2 ten sion slightly exceeds venous CO2 has been pre sented by Bidani et al. (1978) . The other explana tion indicates a lower [HCO)"] e than occurs in CSF. Fresh CSF from choroid plexus in some species has prior to (n = 3) and following spreading depression at the maximal pHe change (n = 6), 4 min after the onset of the tri phasic shift (n = 5) and 10 min after the onset (n = 4). For the sake of clarity, the lactate levels in the contralateral control hemisphere at the maximal pHe change, at 4 min, and at 10 min, are not shown, but the respective lactate levels were 1.49 ± 0.24,1.80 ± 0.51, and 2.19 ± 0.57 j.1mol g -1. A typical trace of the pHe during spreading depression is shown below to show the correlation between lactate levels and resolution of the pHe change. Star indicates signifi cantly different from the contralateral control hemisphere; p < 0.05, Student's t test for paired data. been demonstrated to have much higher [HCO)"] than occurs in plasma (Maren, 1980) , which may indicate that [HCO)"] CSF is higher than [HCO)"] e ' The determination of which of the two mechanisms (i.e., lower [HCO)"] e or higher Peco2) contributes more to the discrepancy between pHe and pHCSF requires further study. Recognizing the problems discussed above, we will assume that baseline Peco2 is 45 mm Hg at a P aco2 of 38 mm Hg, as suggested by the work of Siesjo et al. (1972) .
With spreading depression and cerebral ischemia highly reproducible, triphasic changes in pHe al ways resulted which were intimately related to the change in tissue potential (Ve). Four possible mech anisms may contribute to an altered pH measured in the extracellular space: (1) increased local CO2 tension, (2) exchange of H+ with Na + via Na + /H+ countertransport, (3) exchange of HCO)" with CI via HCO)"/CI-countertransport, and (4) production of acid metabolites such as lactic acid.
The superfusion of cerebral cortex with specific inhibitors of carbonic anhydrase (acetazolamide), N a + IH + countertransport (amiloride), and Cl-I HCO)" countertransport (DIDS) enabled us to in vestigate the possible contribution of the first three mechanisms listed above. The cortex was super fused with concentrations of each inhibitor higher than those required to inhibit the studied mecha nism in other tissues. This was done to ensure ad equate concentration of inhibitor in the vicinity of the pH microelectrode tip 500 jJ.m deep in the pa rietal cortex. Measurement of inhibitor concentra tion in brain tissue is not readily accomplished. However, an LIX microelectrode which sensed DNDS demonstrated that the concentration of DNDS 500 jJ.m below the surface after 1 h of ex posure was about 10% of the superfusate concen tration, i.e., 10-4 M [a stilbene concentration found to effectively inhibit CI-I HCO)" countertransport in glial cells (Kimelberg et aI., 1979) ]. Similar negative logarithmic declines in concentration have been ob served for various cationic tracers used for mea surement of extracellular volume changes in brain cortex (Hansen and Olsen, 1980) . A DNDS-con taining superfusate was not used to inhibit CI-/ HC03 countertransport, since the compound is in activated on exposure to strong light. A DIDS mi croelectrode did not function, since, presumably, DIDS covalently bonded to the anion exchanger. Thus, the inhibitors used in this study, all of simple molecular structure and low molecular weight, when applied for 1 h to the surface of the cortex in super-inhibitory concentrations, were deemed present in adequate inhibitory concentrations at a tissue depth of 500 f..l m.
In the absence of inhibitors, the pHe changes from a second spreading depression were virtually superimposable on those of the first; therefore, the variation in the pHe changes after superfusion with the inhibitors were felt to be a consequence of the inhibitor.
We also measured lactate levels in cortex during spreading depression to assess the contribution of increased lactic acid to the pHe changes seen. The lactate production following cerebral ischemia has been well documented (Siesjo, 1978) . Local Peo2 measurements during spreading depression have not been accomplished, but only small changes in local CO2 tension are likely to occur, due to the high diffusability of CO2 (ponten and Siesjo, 1966) .
In some respects the pHe changes during com plete cerebral ischemia are easier to analyze than those occurring during spreading depression be cause alterations in local blood flow have been elim inated and local cortical tissue Peo2 has been mea sured following circulatory arrest. Kraig et al. (1983) have analyzed their pH data using the formalism of Stewart (1978 Stewart ( , 1981 . In the case of brain interstitial fluid devoid of weak acids or bases, pH is determined only by Peo2 and the strong ion difference, which is the sum of all strong cations minus all strong anions, this value being equal to 'buffer base' or base excess (Siesjo, 1972) . In the brain interstitial fluid, the value of base ex cess is essentially the [HC03J (Siesjo, 1972) . The use of strong ion difference to evaluate brain pHe is difficult to apply in practice because measure ment of ion concentrations in the brain interstitium with LIX microelectrodes cannot yield the same ac curacy as techniques used to measure ion concen trations in bulk CSF and blood. Uncertainty in the magnitude of strong ion difference presents prob lems, as small changes in this value have consid erable impact on pH. Furthermore, use of such for malism does not invite examination of the mecha nisms whereby pH alterations occur across membranes.
Initial acidic shift
During spreading depression. An initial small acidic shift was the first event seen during spreading depression. Such a change preceded the rapid change in Ve (Fig. 4 ). This acid shift had a mean value of 0.10 pH units (Table 1 ). The most probable mechanism for this acidic shift is an electrode ar tifact resulting from measurement of lH+ Je as the difference between the potential recorded by the very high resistance exchanger barrel and that re corded by the reference barrel. Such differential measurements of [H + Je result in an apparent acidic shift if the reference electrode undergoes rapid neg ative shifts in potential, as occurs at the onset of the rapid change in Ve (Fig. O. No discernible dif ference in the acidic shift occurred following appli cation of amiloride or DIDS. But, the initial acidic shift was enhanced and onset was earlier than the change in Ve following acetazolamide treatment (Fig. 4) . The known effects of acetazolamide on brain are an increase in CBF and inhibition of car bonic anhydrase (Laux and Raichle, 1978) . The glial cell is the major store of carbonic anhydrase in the brain (Giacobini, 1976; Kimelberg et aI., 1978 ). There appears to be little need for carbonic anhy-drase to augment CO2 transport from the glial cell to blood, as CO2 is so readily diffusible. Perhaps, however, during sudden increases in local CO2 ten sion, the glial cell could act as an additional "sink" for CO2, Such a situation conceivably exists at the spreading depression wavefront, where increased neuronal activity occurs as assessed by the EEG (Phillis and Ochs, 1971 ) and as evidenced by in creased metabolic rate for glucose (Gjedde et aI., 1981) . At the same time, decreased CBF has been demonstrated (Hansen et aI., 1980; Gjedde et aI., 1981) . Inhibition of glial cell carbonic anhydrase could then result in increased interstitial CO2 ten sions at the spreading depression wavefront. Un fortunately, the exact magnitude of this enhanced acidic shift cannot be assessed, due to the unknown contribution of the artefactual component of the acidic shift.
During cerebral ischemia. An initial acidic shift of 0.43 pH units occurs during circulatory arrest ( Table 5 ). The initial pHe changes in cerebral isch emia largely relate to increased CO2 secondary to titration of available HCO") j by lactate with no CO2 clearance following cessation of blood flow (Siesjo, 1978) . Determinations of Peco2 following circula tory arrest have yielded values of 113-135 mm Hg (Ljunggren et aI., 1974; Kennealy et aI., 1980) . Fol lowing application of acetazolamide, the initial acidic shift was more marked, decreasing pHe by 0.67 pH units (Table 5) . This finding is similar to the accentuated initial acidic shift observed in spreading depression following acetazolamide ap plication, supporting the proposal that a local rise in CO2 tension contributes to the increased initial acidic shift in both events. No additional increase in lactate production after acetazolamide is likely, as the time to anoxic depolarization (V e) was un changed compared to the control ischemic events. This finding eliminates increased lactate levels due to hyperglycemia (Siemkowicz and Hansen, 1981) as a mechanism to explain the increased acidic shift following acetazolamide application.
The alkaline shift
During spreading depression. An alkaline shift of 0.16 pH units immediately followed the small acidic shift (Table 1) . This alkaline shift was rapid, tran sient (on the order of seconds), and coincident with the change in Ve' The change in tissue potential is accompanied by marked changes in the extracel lular ionic composition (Kraig and Nicholson, 1978; Hansen and Zeuthen, 1981) . Such changes are felt to occur because of the opening of pores �O. 7 nm in size in cell membranes during the passage of the J Cereb Blood Flow Metabol, Vol. 4, No. I, 1984 spreading depression wavefront (Phillips and Nich olson, 1979) . At the same time, the extracellular space decreases �50% (Hansen and Olsen, 1980) . Kraig et ai. (1983) have noted that the alkaline shift in spreading depression and cerebral ischemia is abolished by superfusion of cerebellar cortex with Mn 2 +. We have not been able to confirm such findings for cerebral cortex.
In spite of varying determinations for baseline brain extracellular base excess (i.e., [HCO")]e)' during the spreading depression-associated changes in extracellular ionic composition, all workers have been able to demonstrate an in creased anion gap or base excess from 10 mM (Hansen and Zeuthen, 1981) to 29-30 mM (Kraig and Nicholson, 1978; Nicholson and Kraig, 1981) . This increase in anion gap was assessed by com paring measurements with LIX microelectrodes of ([K+] + [Na+] + 2[Ca 2 +]) -[CI-] at baseline and during spreading depression. Such an increase in base excess can account for the alkaline shift seen during spreading depression. If we assume that the increased membrane permeability is limited to the neuron, the increased [HCO")] e could have resulted from HCO") j accompanying efflux of K + j to main tain electro-neutrality in the extracellular space. Initially, following the increase in membrane per meability, an efflux of HC0"3 could result, as the electrochemical gradient for HCO") is out of the neuron, since pHj exceeds its electrochemical equi librium value (Siesjo, 1978) . As the neuronal mem brane depolarizes during spreading depression (Su gaya et aI., 1975) , efflux of HC0"3 would be slowed. Or, if HC0"3 is impermeant (Kraig et aI., 1983 ), [HC0"3] e could theoretically double purely as a con sequence of the 50% decrease in size of the extra cellular space, thus maintaining electroneutrality while inducing the alkaline shift. See below for a discussion of how Cl-IHC0"3 countertransport may attenuate the magnitude of the [HC03"] e changes seen during the alkaline shift.
The application of acetazolamide and DIDS re sulted in an enhanced alkaline shift. The explana tion of the action of DIDS in our experiments sug gests that CI-IHC03" exchange occurs across a cell membrane which has not been exposed to the ionic fluxes described above. The glial cell may be able to provide such conditions, thereby permitting a re sponse to the altered [CI-]. and [HC03"]e'
The glial cell has been shown to have a mecha nism for CI-uptake that is inhibited by stilbene derivatives like DIDS (Bourke et aI., 1978) . In ad dition, the CI-I HCO") exchange occurring on the surface of brain cortex following a step-wise in-crease in P aco2 has been linked to glial cell-me diated CI-I HC03 exchange (Ahmad and Loeschke, 1982) .
During the alkaline shift, the [HC03] e has in creased, and [Cl-]e decreased, coincidentally with the onset of the change in Ve' Such changes would strongly stimulate the CI-IHC03 exchanger, which attempts to maintain a set HC03/ HC03 j -C I-e/ CI-j ratio (Cabantchik et al., 1978) , resulting in HC03 uptake in exchange for CI-efflux, thus attenuating the alkaline shift. The impact of DIDS results in an enhanced alkaline shift due to inhibition of this ex change process (Fig. 3, top) . Assuming a local CO2 tension of 45 mm Hg and using the S and pK' listed above, following DIDS application MHC03]c from baseline to the peak of the alkaline shift would be 21 mM (Table 2 ). The MHC03] during the control spreading depression is 8 mM, showing the impact of CI-IHC03 exchange.
The inhibition of glial cell carbonic anhydrase could result in the enhanced and prolonged alkaline shift seen following application of acetazolamide. Carbonic anhydrase would markedly enhance the dehydration of HC03 j + H + j to CO2 induced by the increased [HC03]j from CI-IHC03 exchange. Acet azolamide entering the glial cell could greatly slow this adaptive response to an increased [HC03]j sec ondary to an increased [HC03] e (Fig. 3, bottom) [see Bidani et al. (1978) for a discussion of slowed pH equilibrium in blood following acetazolamide application] .
During cerebral ischemia. The alkaline shift oc curs coincidentally with the change in Ve, identical to the situation during spreading depression. An in creased anion gap has been demonstrated during cerebral ischemia at the time of the change in Ve (Hansen and Zeuthen, 1980 . The alkaline shift is enhanced following DIDS application and enhanced and prolonged after acetazolamide, the results again very similar to those seen during spreading depres sion. The alkaline shift simultaneous with the rapid change in tissue potential during spreading depres sion and cerebral ischemia strongly suggests that local ionic movements, and not changes in CBF, account for the alkaline shift.
The final acidic shift
During spreading depression. The alkaline shift was followed by a marked acidic shift which de creased cortical pHe to a mean value slightly below 7.00 (Table O . This acidic shift reached its lowest pHe value during the I-min period of the change in Ve (Fig. 3) . Thereafter the pHe changes resolved toward baseline but required almost 8 min to do so.
The possible explanations for the acidic shift again follow the same principles already discussed.
We attempted to assess the contribution of in creased lactic acid production. We found the brain cortex lactate levels to increase from 1.2 to 7.0 mM, coincidentally with the maximal drop in pHe. Also, lactate levels closely followed the resolution of the pHe changes (Fig. 6) , indicating a close correlation. Similar increases in lactate levels following spreading depression have been described by others (Krivanek, 1962; Quistorff et al., 1979) . What is the mechanism for the increase in lactate? During spreading depression, local O2 tension has been demonstrated to decrease coincidentally with nor malization of Ve (Tsacopoulos and Lehmenkiihler, 1977) . Accelerated metabolism exists at this time, as ion gradients are being reestablished. Thus, blood supply may not be able to meet the oxygen needs for the greatly increased metabolism. It is not established that such lactate accumulation is due to anaerobic glycolysis, as lactate levels increase during seizure activity for which no tissue hypoxia has been documented (Siesj6, 1978) .
The actual extracellular lactate concentration [lactate]e remains unknown, as does the mechanism whereby lactic acid enters the extracellular space, i.e., by means of a transporting mechanism, through diffusion of the un-ionized species, or H+ entering via the N a + IH + exchanger.
The application of DIDS resulted in an increased acidic shift which did not return to baseline, even 15 min after the change in Ve' These results suggest that CI-IHC03 exchange mediated by the glial cell actually attenuates the acidic shift by uptake of Cl-e in exchange for HC03 j ' and such a mechanism is important for the restoration of baseline pHe fol lowing an acid load. The application of amiloride resulted in a decreased acidic shift of shorter du ration. The decreased acidic shift may be due to the known effect of amiloride on N a + IH + exchange (Benos, 1982) . Our results suggest the presence of the N a + IH + exchanger on the neuron, since inhi bition of Na + IH+ exchange resulted in an atten uated acidic shift.
During cerebral ischemia. As in spreading depression, the alkaline shift in cerebral ischemia was followed by a second acidic shift. Small addi tional CO2 production may result, since minor ad ditional production of lactic acid occurs during this time (Siesj6, 1978) . The acidic shift in ischemia was affected in a fashion similar to that of the acidic shift during spreading depression following application of inhibitors of countertransport, but the changes were not significantly different statistically from the acidic shift seen in the control situation (Table 5) .
Similarities between spreading depression and cerebral ischemia
Spreading depression appears to represent a ste rotyped response of brain cortical tissues to nox ious stimuli. Cerebral ischemia may represent only one of many stimuli that can induce a spreading depression-like event.
Previous work has demonstrated the similarity of the ionic changes following spreading depression and cerebral ischemia (Hansen and Zeuthen, 1981; Siemkowicz and Hansen, 1981) . The marked ionic fluxes in both events occur synchronously with the rapid change in tissue potential (Ve). As demon strated in this article, the changes in pHe following spreading depression and cerebral ischemia are also very similar, with both events demonstrating a tri phasic shift in pHe. The effects of acetazolamide, DIDS, and amiloride on the various components of the triphasic pHe shift were similar in spreading depression and ischemia, indicating that the brain attempts to regulate the pHe changes of both events in the same fashion. The glial cell appears to be actively involved in regulation of brain pHe. The alkaline shift in both spreading depression and ce rebral ischemia is mediated by local ionic move ments, and the acidic shifts are associated with in creased lactate production and decreased tissue Po2, glucose, and glycogen levels. In spreading depression and reversible cerebral ischemia, cere bral perfusion is initially enhanced and then de creased (Zimmer et aI., 1971; Lauritzen et aI., 1982) . The oligemia appears to be independent of the acidic change in local pHe' suggesting that fac tors besides pHe are making important contribu tions to regional CBF.
Enhanced understanding of spreading depres sion, which transiently and reversibly alters the brain cortical environment, may provide insights into the consequences of cerebral ischemia.
